nerve transfer to restore elbow function has been recommended. 3, 24 The gracilis is a commonly transferred muscle because of its reliable, proximally based neurovascular pedicle (which allows earlier reinnervation) and its long tendon length (which has the potential to restore elbow flexion with or without combined wrist extension or finger flexion). 1 Intercostal nerve transfer to the musculocutaneous nerve is a technically simpler procedure compared with free functional muscle transfer that does not require microvascular anastomoses. This nerve transfer is used to reinnervate the biceps, a stronger muscle and with biomechanical advantages for elbow flexion over the gracilis muscle. 25 The gracilis free functional muscle transfer has the advantages of faster reinnervation (secondary to the diminished distance between donor nerve and muscle endplate) of a muscle that has been denervated at the time of surgery and is not time dependent (and has the possibility of being performed any time after the injury). The aim of this study was to determine the role of free functional muscle transfer in brachial plexus reconstruction, by comparing our results with those of direct intercostal nerve transfer to the musculocutaneous nerve. Although such procedures are conventionally used only after delayed presentation (>6 to 9 months), it may be that the best results require the shortest possible denervation time, in spite of some muscle biomechanical disadvantages. As gracilis transfer is immediately reinnervated, its results may be expected to exceed those of direct intercostal nerve transfer.
PATIENTS AND METHODS
After obtaining institutional review board approval, a retrospective review of our brachial plexus database was performed. We included all patients after pan-plexus injuries who underwent free functional muscle transfer reconstruction or intercostal nerve-to-musculocutaneous nerve transfer for elbow flexion from 2000 to 2012. The two groups were compared in terms of postoperative elbow flexion strength; preoperative and postoperative Disabilities of the Arm, Shoulder, and Hand questionnaire scores; and age, sex, body mass index, side of injury, time from injury to operation, and the number of donor nerves. Seventy-two patients were identified who underwent free functional muscle transfer reconstruction or intercostal nerve-to-musculocutaneous nerve transfer for elbow flexion. We excluded from data analysis patients with follow-up less than 18 months and patients who had simultaneous free functional muscle transfer and nerve transfer/nerve graft to the musculocutaneous nerve.
Elbow flexion was measured using a modified British Medical Research Council grade 3, 26 by the three senior authors. To obtain a British Medical Research Council grade of 3, the patient had to have active motion equal to passive motion against gravity. The Disabilities of the Arm, Shoulder, and Hand questionnaire was used to rate patientrelated outcomes, with a scale score ranging from 0 (no disability) to 100 (most severe disability). 27, 28 The scores were obtained preoperatively and postoperatively in 43 of 62 patients (69 percent). The Disabilities of the Arm, Shoulder, and Hand surveys were completed in the clinic at the preoperative appointment and at postoperative follow-up.
Surgical Technique
All operations were performed at a single institution by the senior authors (R.J.S., A.T.B., A.Y.S.) of the study. In the free functional muscle transfer group, the gracilis muscle was used in all cases. Donor nerves for muscle reinnervation were either the intercostal nerve (10 patients) or the spinal accessory nerve (21 patients). Technical details have been reported previously. 29, 30 The proximal tendon of the gracilis muscle was secured to the acromion and lateral clavicle using suture anchors, and the thoracoacromial artery and cephalic vein were anastomosed to the gracilis pedicle. Direct coaptation of the gracilis obturator nerve and the donor nerve (spinal accessory or intercostal nerve) was performed without tension, with the arm abducted 90 degrees and externally rotated 90 degrees. In the intercostal nerve-tomusculocutaneous nerve transfer group, the surgical technique at our institution was similar to that described previously in the literature. 31 Two to four intercostal nerves were dissected and sutured directly without an intervening nerve graft to the musculocutaneous nerve as distally as possible. An operating microscope was used to coapt the nerves in all cases.
Statistical Analysis
The data were summarized using means and medians for continuous variables and counts and percentages for categorical variables. The analysis focused primarily on comparing outcomes between the group of patients receiving a free functional muscle transfer reconstruction and the group of patients undergoing an intercostal nerve-to-musculocutaneous nerve transfer. The free functional muscle transfer group was divided into two subgroups, depending on the donor nerve source (spinal accessory versus intercostal nerve). Outcomes consisting of continuous variables, such as preoperative and postoperative Disabilities of the Arm, Shoulder, and Hand questionnaire scores, were compared between the groups using two-sample t tests (or Mann-Whitney U tests if the data were not sufficiently normally distributed); whereas categorical variables, such as British Medical Research Council grading, were evaluated using chi-square tests (or Fisher's exact tests if the data were not sufficiently normally distributed). British Medical Research Council grades were categorized in two groups: M0, M1, and M2 (not useful elbow flexion), and M3 and M4 (useful elbow flexion where active motion equaled passive motion). All statistical tests were two-sided, and values of p < 0.05 were considered significant.
RESULTS
Demographic variables (sex, age, injured side, and body mass index) and average follow-up time were similar (no significant difference) between the two groups and are summarized in Table 1 . Average time from injury to surgery was significantly different (p < 0.01) between groups. The free functional muscle transfer group had surgery a mean of 68.7 months (range, 5 to 383 months) after injury, as one of the primary indications for free functional muscle transfer is a late presentation. The intercostal nerve-to-musculocutaneous nerve transfer group underwent surgery a mean of 5.4 months (range, 2.3 to 9.7 months) after traumatic complete brachial plexus insult. The mechanism of injury was high-energy trauma in the majority of patients in both groups.
The British Medical Research Council elbow flexion strength grade, as measured by an average of the senior authors' (R.J.S., A.T.B., A.Y.S.) measurements is summarized in Table 2 . There was significant difference (p = 0.04) between groups. Twenty-one of 31 patients (67.7 percent) in the free functional muscle transfer group achieved M3 or M4 elbow flexion, whereas only 13 of 31 (41.9 percent) patients in the intercostal nerve-to-musculocutaneous nerve group achieved M3 or M4 elbow flexion.
The free functional muscle transfer group was divided into two subgroups, depending on motor nerve innervation (i.e., spinal accessory and intercostal nerve). We saw no difference in outcome based on these two groups. Fifteen of 21 spinal accessory nerve transfers (71 percent) were graded M3 or higher. Similarly, six of 10 intercostal nerve transfers (60 percent) resulted in at least M3 elbow flexion (p = 0.99) ( Table 4 ). The number of intercostal nerves used for the musculocutaneous nerve transfer was not significantly related to elbow flexion muscle grade (Table 5) . Patients who achieved M3 or M4 grade had a mean of 2.8 intercostal nerves transferred versus 2.7 intercostal nerves for patients with M0, M1, or M2 grade (p = 0.54).
Disabilities of the Arm, Shoulder, and Hand questionnaire scores are summarized in Table 3 . 
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Preoperative and postoperative scores between free functional muscle transfer and intercostal nerve-to-musculocutaneous nerve transfer groups were not significantly different (p > 0.05). Free functional muscle transfer and intercostal nerve-to-musculocutaneous nerve transfer groups had decreased Disabilities of the Arm, Shoulder, and Hand questionnaire scores by an average of 5.5 and 6.3 points, respectively (p = 0.09 and 0.08, respectively).
DISCUSSION
Intercostal nerve-to-musculocutaneous nerve transfer is a procedure widely used to gain elbow flexion after global brachial plexus injury. It is contraindicated with delayed presentation, distal injury to the musculocutaneous nerve, or loss of elbow flexor muscle. Lower motoneuron injury results in progressive ultrastructural changes in muscle over time. 32 For elbow flexion, elapsed time from injury to reconstruction of greater than 6 to 9 months with direct intercostal nerve transfer results in diminished strength and motion. 24 In contradistinction, a free functional muscle transfer is not time dependent, as it has not undergone any denervation before surgery. It is often used in late reconstruction of elbow flexion for this reason. Its use in acute treatment (<6 months from injury) of a completely flail upper limb has been questioned, because of its technical difficulty. A comparison of results between the two methods in this study, however, demonstrates the gracilis transfer to be statistically more successful with respect to British Medical Research Council elbow flexion grade compared with intercostal nerve-to-musculocutaneous nerve transfer despite appropriate indication and timing for intercostal nerve transfers.
After intercostal nerve-to-musculocutaneous nerve transfer, 41.9 percent of our patients achieve M3 or M4 elbow flexion, which is consistent with other publications. 4 Results in the literature after this nerve transfer demonstrate a wide spectrum (from 0 percent 11, 23 to 78 percent 13 of M4 elbow flexion). Time from injury to surgery was 5.4 months in our series. Less than 6 months is an optimal time for surgical intervention 3 ; however, several surgeons have challenged this dogma with early surgical exploration and reconstruction. 33 The mean number of intercostal nerves used was 2.7 for the patients with M3 or M4 elbow flexion recovery and 2.8 for the patients with less than M3 elbow flexion recovery. Similar to other reports, 9, 34 we did not find a significant difference related to the number of intercostal donor nerves.
After gracilis free functional muscle transfer, 67.7 percent of our patients achieve M3 or M4 grade elbow flexion. Intercostal nerve or spinal accessory nerve was used for reinnervation. The use of the spinal accessory nerve was indicated when intercostal nerves were not available, important respiratory comorbidity was present, or trapezius tendon transfer was not being considered for shoulder external rotation (shoulder comorbidity). The use of intercostal nerves was indicated when the spinal accessory nerve was not available or a second-stage trapezius tendon transfer for shoulder external 35, 36 results have been previously reported. Our outcomes using free functional muscle transfer for elbow flexion were significantly superior than the intercostal nerve-to-musculocutaneous nerve transfer. There could be several hypotheses to explain these results. The transferred free gracilis muscle is immediately connected to the donor nerve, because there is a short distance between the donor nerve and the muscle endplate, and because the gracilis has not undergone denervation changes. In contrast, intercostal nerve-to-musculocutaneous nerve transfer is normally performed months after the injury (average, 5.4 months in our series), with biceps/ brachialis muscle atrophy already occurring. Various studies 37, 38 have shown how human muscle atrophy results in a 50 percent reduction of muscle fiber diameter after 2 to 3 months of denervation. The nerve distance for muscle reinnervation also is a factor. Proper insetting of the free functional muscle transfer allowed us to minimize the distance between the donor nerve (intercostal or spinal accessory nerve) and the endplate of the obturator nerve of the gracilis. Body mass index could be another factor. Despite the absence of differences in body mass index between both groups, a higher body mass index will adversely affect the intercostal nerve transfer group more, as it increases the length requirement of the intercostal nerve. This is not the case with the free functional muscle transfer group, as the nerve is transferred very cephalad, at approximately the level of the second rib. A second hypothesis would be theoretical potential unrecognized injury of the musculocutaneous nerve. Although we avoid performing neurorrhaphies in a zone of injury, intercostal nerve-to-musculocutaneous nerve transfers would fail if intraneural scar tissue was present but unrecognized. This scenario is highly unlikely within the free functional muscle transfer group. Another factor to consider is the possibility of injury to the intercostal nerve-to-musculocutaneous nerve coaptation site. If the patient abducts and externally rotates the arm more than 90 degrees each, he or she may rupture the transfer. We counsel the patient regarding this risk for both groups, as injury may also occur in the free functional muscle transfer group. Whenever possible, the motor branches of the musculocutaneous nerves are dissected off the musculocutaneous nerve to allow direct coaptation to the intercostal nerve. However, if intercostal nerve transfer is performed directly to the musculocutaneous nerve, some axons could be lost, growing into the lateral antebrachial cutaneous nerve branch. Dissection of the motor branches off the musculocutaneous nerve may result in damage to the motor branch and thus impair outcomes.
The use of the gracilis as a free functional muscle for elbow flexion has some disadvantages, including potentially longer operating room times, higher costs, and a more demanding technique. Moreover, the gracilis is a weaker muscle (smaller cross-sectional area) compared with the biceps muscle. Pennate muscles (biceps) contain more fibers per unit of muscle volume and they can generate more force than parallel-fibered muscles (gracilis). 25 Overall, the cross-sectional area of gracilis would be insufficient to flex elbow in theory; however, our results are consistent with Doi et al., 36, 39 who demonstrated that many transplanted gracilis muscles regained full strength. This may be a result of postoperative muscle strengthening exercises.
We recognize the limitations of this study. First, the retrospective nature of the investigation did not allow for comparative Disabilities of the Arm, Shoulder, and Hand questionnaire scores in all of the patients. Moreover, British Medical Research Council grading is subjective and imprecise for research purposes. Although the scores were recorded consistently by the three senior authors, blinded measurement and even quantitative assessment of elbow flexion should be considered for future studies. Finally, other variables such as operating room time or costs not could be evaluated as well as patient quality-of-life outcome measures.
Based on this study, the role of free functional muscle transfer in acute pan-avulsion brachial plexus should be seriously considered in lieu of intercostal nerve-to-musculocutaneous nerve transfer for elbow flexion. Although we continue to use the intercostal nerve-to-musculocutaneous nerve transfer, it is now performed in combination with free functional muscle transfer whenever possible (intercostal nerve-to-free functional muscle and intercostal nerve-to-musculocutaneous nerve transfer). Nevertheless, the indications for free functional muscle transfer, as for any other microsurgical procedure, are expanding. Increased surgical experience, better instrumentation, more effective use of teams of surgeons, and more awareness of intraoperative efficiency are reducing the time of these procedures and expanding the limits of this microsurgical reconstruction.
